1. Metabolism of pyruvate and malate by isolated fat-cell mitochondria incubated in the presence of ADP and phosphate has been studied by measuring rates of pyruvate uptake, malate utilization or production, citrate production and oxygen consumption. From these measurements calculations of the flow rates through pyruvate carboxylase, pyruvate dehydrogenase and citrate cycle have been made under various conditions. 2. In the presence of bicarbonate, pyruvate was largely converted into citrate and malate and only about 10% was oxidized by the citrate cycle; citrate and malate outputs were linear after lag perlods of 6-9 min and 3 min respectively, and no other end products of pyruvate metabolism were detected. On the further addition of malate or hydroxymalonate, the lag in the rate of citrate output was less marked but'no net malate disappearance was detected. If, however, bicarbonate was omitted then net malate uptake was observed. Addition of butyl malonate was found to greatly inhibit the metabolism of pyruvate to citrate and malate in the presence of bicarbonate. 3. These results are in agreement with earlier conclusions that in adi'o8e tissue acetyl units for fatty acid synthesis are transferred to the cytoplasm as citrate and that this transfer requires malate presumably for counter transport. They also support the view that oxaloacetate for citrate synthesis is preferentially formed 'from pyruvate through pyruvate carboxylase' rather than malate' through malate dehydrogenase and that the mitochondrial metabolism of citrate in fat-cells is restricted. The possible consequences of these conclusions are discussed. 4. Studies on the, effects of additions of adenine nucleotides to pyruvate metabolism by isolated fat-cell mitochondria are consistent with inhibition of pyruvate carboxylase in the presence 'of ADP and pyruvate dehydrogenase in the presence of ATP.
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Studies of the total activities and intracellular distribution of enzymes in epididymal fat-cells and the perneability properties of their mitochondria (Martin & Denton, 1970a) were in full agreement with the views that the major pathway for the production of extramitochondrial acetyl-CoA for fatty acid synthesis is: acetyl-CoAty,.
citratemit. -+ citratecyt. -* acetyl-CoAcyt. (Kornacker & Lowenstein, 1965a,b; Kornacker & BaJl, 1965; Spencer, Corman & Lowenstein, 1964; Rognstad k; Katz, 1968; Bartley, Abraham & Chaikoff, 1965; Watson & Lowenstein, 1970) ; and that in epididymal adipose tissue incubated with glucose and insulin the major pathway for the regeneration of mitochondrial oxaloacetate for further citrate synthesis from oxaloacetate formed in the cytoplasm by ATP citrate lyase is: oxaloacetate,,yt. malatecyt.
pyruvatecyt. -+ pyruvatemit.
oxaloacetatem,t. (Kornacker & H3all, 1965; Rognstad & Katz, 1966; Ballard & Hanson, 1967) .
Our studies also lead t6 the suggestions that mitochondrial citrate transfer in fat-cells requires the counter transport of malate as in liver mitochondria (Chappell & Haarhoff, 1966; Chappell, Henderson, McGivan & Robinson, 1968) , and that transfer of mitochondrial citrate to the cytoplasm in fat-cells metabolizing glucose to fatty acids may be facilitated by restricted mitochondrial metabolism of citrate. This could be attributed in part to the low mitochondrial activities of aconitase and NAD-isocitrate dehydrogenase. It was pointed out that restriction of the mitochondrial oxidation of malate would also appear to be necessary to prevent the excessive loss of cytoplasmic reducing power into mitochondria that would occur if a substantial proportion of the malate entering in exchange for citrate were to be converted into oxaloacetate.
In adipose tissue incubated with pyruvate alone, reducing power for cytoplasmic reactions (fatty acid, glycerol phosphate and lactate formation) is necessarily formed by the dehydrogenase reactions of the citrate cycle and by pyruvate dehydrogenase rather than by the dehydrogenase reactions of the pentose phosphate pathway and glycolysis as in the presence of glucose. There is a greatly increased flux in the citrate cycle when pyruvate is the only substrate compared with the rate in the presence of glucose (Kneer & Ball, 1968; Schmidt & Katz, 1969) . We have pointed out that slow rates of mitochondrial oxidation of isocitrate and malate would lead to the transport of these metabolites and favour the generation of cytoplasmic NADPH through NADP-isocitrate dehydrogenase and NADP-malate dehydrogenase. Thus it appears that when pyruvate is the only substrate much of the flow through the citrate cycle in the segments (citrate to 2-oxoglutarate) and (malate to oxaloacetate) is cytoplasmic (Martin & Denton, 1970a) .
In the present study, further evidence in support of the role of citrate in the transfer of acetyl units, the counter transport of citrate for malate and the restricted mitochondrial metabolism of malate and citrate has been obtained by investigating the metabolism of pyruvate and malate by isolated fat-cell mitochondria. Estimates of rates of pyruvate metabolism through pyruvate dehydrogenase, pyruvate carboxylase and-the rate of citrate-cycle turnover have been calculated from measurements of pyruvate uptake, malate uptake (or output), citrate output and oxygen uptake; other possible end products of pyruvate (and malate) metabolism such as ketone bodies, 2-oxoglutarate, oxaloacetate, isocitrate, lactate, glutamate, fumarate, aspartate and acetaldehyde were not detected in significant amounts. The experimental design circumvented the use of 14C-labelled pyruvate and the problems of radioactive purity and isotope exchange associated with it (Watson & Lowenstein, 1970; Kneer & Ball, 1968; Von Korff, 1964) .
A preliminary account of part of this study has been published (Martin & Denton, 1970b Denton & Halperin (1968) .
Isolated fat-cell mitochondria. Isolated fat-cells were prepared as described by Rodbell (1964) with minor modifications (Martin & Denton, 1970a) . Mitochondria were prepared from these cells as described by Martin & Denton (1970a) except that the sucrose medium was 0.25m-sucrose containing 7.5mM-GSH, 2mm-ethanediox2ybis(ethylamine)tetra-aoetate, 2% bovine serum albumin, 20mM-tris buffer, pH7.4. Respiratory control and P/O ratios were similar to those reported by Martin & Denton (1970a For the measurement of oxygen uptake, separate samples of mitoohondria (0.1-0.2mg of protein) were incubated at 30°C in 0.6-0.8ml of KCI medium with additions as indicated and the oxygen uptake was continuously recorded by using a small Clark type oxygen electrode (Martin & Denton, 1970a Expreision of results. Rates were expressed in terms of glutamate dehydrogenase in some experiments. This enzyme is exclusively mitochondrial in fat-cells (Martin & Denton, 1970a) . Glutamate dehydrogenase was extracted from mitochondria by freezing and thawing three times in O.1M-potassium phosphate buffer, pH7.3, and assayed at 250C as described by Martin & Denton (1970a) . Mitochondrial protein was assayed by the method of Lowry, Rosebrough, Farr & Randall (1951) .
RESULTS AND DISCUSSION
Metabolism ofpyruvate byfat-cell mitochondria and the effects of addition of bicarbonate, hydroxymalonate and malate. Fig. l(a) shows the time-courses of pyruvate uptake and of citrate and malate output by isolated fat-cell mitochondria incubated in potassium chloride medium containing pyruvate (1.5mM), potassium bicarbonate (12.5mm), ADP (1mM) and potassium phosphate (2mM in the time-courses shown in Fig. l(a-c) found to be sufficient to give maximum rates of citrate output. Addition of each at half the stated concentration produced little or no decrease in citrate output. The effects of various pyruvate concentration on rates of citrate and malate production and rates of pyruvate and oxygen uptake are shown in Table 1 . In the absence of pyruvate there was no detectable production of malate and citrate; between 0.25mM-and 5.0mM-pyruvate there was little difference in the rate of 02 uptake or citrate production but the production of malate appears to decline at the higher pyruvate concentrations. Also shown in Table 1 are the flow rates through pyruvate dehydrogenase, pyruvate carboxylase and citrate cycle calculated as described in the legend to Scheme 1. The flow through the citrate cycle was never greater than 5% of the pyruvate uptake.
After 9min, steady-state rates of pyruvate metabolism would appear to be achieved (Fig. 1) . Table 2 shows the effects of additions of malate, hydroxymalonate and potassium bicarbonate on the rates of metabolism between 9 and 18 min expressed in terms of glutamate dehydrogenase activity. In the absence of potassium bicarbonate or malate the production of the citrate was very small. In the presence of bicarbonate, most of the pyruvate uptake could be accounted for by the metabolism of pyruvate through pyruvate dehydrogenase and pyruvate carboxylase to citrate and malate. As calculated from the oxygen consumption and rates of citrate and malate output little pyruvate was metaboLized through the citrate cycle. In the presence of bicarbonate plus hydroxymalonate, the rates of pyruvate metabolism during this timeperiod were similar to those in the presence of bicarbonate alone. In the presence of bicarbonate plus malate, the rate of pyruvate uptake was greater and most of it was recovered in the acetate and oxaloacetate moieties of citrate (no net uptake or production of malate could be detected in these circumstances; see also Fig. lc) . Thus in the presence of bicarbonate, oxaloacetate for citrate synthesis appears to be formed almost exclusively from pyruvate and bicarbonate through pyruvate carboxylase. However, if bicarbonate is omitted, then malate uptake is observed and is sufficient to account for much of the oxaloacetate utilized in citrate synthesis. Effect8 of butyl malonate on pyruvate metaboli8m by fat-cell mitochondria. In the presence of bicarbonate, there was a considerable lag in the rate of citrate production, which was less evident when hydroxymalonate or malate was also added (Fig.  la-c) . This would be in agreement with the proposal that citrate transport out of fat-cell mitochondria requires malate (or analogue) for counter transport. In the absence of added malate or . Fat-cell mitochondria appear to contain this carrier since addition of phosphate is necessary before fat-cell mitochondria swell in iso-osmotic solutions of ammonium malate (Martin & Denton, 1970a) . If the sequence of events when fat-cell mitochondria are incubated in pyruvate plus bicarbonate is that malate must be transported from the mitochondria on the carrier catalysing counter transport of malate-phosphate before citrate can be transported out on the carrier catalysing citratemalate transport, then citrate production should be strongly inhibited by butyl malonate and this is, indeed, found to be the case (Table 3) .
Production of acetyl-L-carnitine by fat-ceU mitochondria in the presence of L-carnitine. Fat-cell mitochondria contain carnitine acetyltransferase but the activity of this enzyme is less than 10% of that of citrate synthase. It has also been demonstrated that fat-cell mitochondria will oxidize acetyl L-carnitine in the presence of malate (Martin & Denton, 1970a) . It is therefore to be expected that, on addition of carnitine to fat-cell mitochondria incubated with pyruvate, bicarbonate, ADP and phosphate, some acetyl-L-carnitine will be formed. In the presence of Imm-camitine the output of acetyl-L-carnitine can amount to about one-third of that of citrate (Table 4) . Effects of addition of ADP, ATP and atractyloside on pyruvate metabolism by fat-cell mitochondria. Table 5 shows the effects of varying ADP and ATP concentration on the metabolism of pyruvate in the presence of bicarbonate and phosphate. In the rest of this study, 1 mm-ADP has been used to give the maximum opportunity for malate oxidation and flow through the citrate cycle to occur. If the concentration of ADP is increased to 5 mM the rate of pyruvate metabolism especially to citrate is decreased. On omission of ADP the rate of pyruvate metabolism to both citrate and malate is increased. A similar effect was seen on addition of atractyloside in the presence of 1 mm-ADP. Atractyloside inhibits the carrier in rat liver mitochondria that catalyses the counter transport of ATP/ADP (Klingenberg, 1970) .
On addition of ATP (5mm), the output of citrate was greatly decreased and that of malate perhaps slightly increased when compared with the outputs seen with no addition of adenine nucleotide. Also shown in Table 5 The effects of ATP are in conflict with those reported by Patel & Hanson (1970) . They found that in the absence of added ATP the incorporation of [14C]bicarbonate into citrate and malate by fatcell mitochondria was almost abolished whereas the flux through pyruvate carboxylase is increased by omission of ATP in our hands. The capacity of the mitochondria used in this present study to generate ATP required for pyruvate carboxylation in the absence of added nucleotide or in the presence of ADP would appear to be good evidence that the mitochondria are well coupled.
General discu8sion
Products of pyruvate metaboli8m. The method which has been used in this study to Patel & Hanson (1970) and is in marked contrast with that in mitochondria from heart, liver or kidney.
With rat heart mitochondria incubated in the presence of pyruvate and ADP, oxaloacetate for citrate synthesis appears to be derived from aspartate initially and there is a small amount of net production of citrate and 2-oxoglutarate. However, by 6min of incubation there is little further net production of these intermediates and neaxly all the pyruvate taken up is oxidized by the citrate cycle; under these conditions oxaloacetate for citrate synthesis is regenerated by the cycle (LaNoue, Nicklas & Williamson, 1970) . This pattern of metabolism is, of course, in line with the primary function ofheart mitochondria in supplying ATP and the very low activity ofpyruvate carboxylase in these mitochondria (Bottger, Wieland, Brdiczka & Pette, 1969) .
With rat liver and kidney mitochondria, citrate and malate are major products of pyruvate metabolism in the presence of bicarbonate, but even when ATP is added, production of citrate and malate accounts for only about 30% of pyruvate utilized, the remainder apparently being mainly oxidized in the citrate cycle (Walter, Paetkau & Lardy, 1966; Mehlman, Walter & Lardy, 1967) .
Varying the concentration of pyruvate between 0.25 and 5.0mM was found to have little effect on the rate of pyruvate uptake and citrate output by fat-cell mitochondria (Table 1 ). This would suggest that the overall Km for pyruvate uptake is considerably below 0.25mM, and this is comparable with the Km for pyruvate of both pyruvate dehydrogenase (70Mm; Coore, Denton, Martin & Randle, 1971) and pyruvate carboxylase (100,iM; A. P. Halestrap & R. M. Denton, unpublished work) .
In an earlier study (Martin & Denton, 1970a) we concluded on the basis of the cytoplasmic activity of carnitine acetyltransferase in fat-cells that only 5% of the acetyl units for fatty acid synthesis in cells incubated in glucose and insulin could be generated from acetyl-L-carnitine (unfortunately the figure was given in this paper as 50% in error). In this study acetyl-L-carnitine production by fat-cell mitochondria incubated with added L-carnitine was about one-third of that of citrate. Since the activity of the cytoplasmic Lcarnitine acetyltransferase is one-quarter of that of the mitochondrial enzyme, the transfer of acetylcarnitine from mitochondria would not appear to Vol. 125 III be an important means of generating cytoplasmic acetyl-CoA when compared with the transfer of citrate. The rate of fatty acid synthesis in fat-pads incubated in glucose and insulin is in the range 0.15-0.30,Lmol of acetyl units/min per g of tissue at 370C, which is equivalent to approx. 0.45-0.90,tmol of acetyl units/min per unit of glutamate dehydrogenase. This is similar to the range of rates of citrate production by fat-cell mitochondria seen in this study (Tables 1 and 2 ).
The very low rates of citrate cycle found are in agreement with the low activities of mitochondrial aconitase and NAD-isocitrate dehydrogenase in fat-cells (see the introduction).
Role of malate in citrate production by fat-cell mitochondria. In a previous study (Martin & Denton, 1970a) malate was shown to be required for citrate to enter fat-cell mitochondria. In the present study, the observations of the effects of malate, hydroxymalonate and butyl malonate on citrate production by fat-cell mitochondria are further evidence that malate is required as the counter-ion for the transport of citrate out of fatcell mitochondria.
Potentially, malate may also act as a source of oxaloacetate for citrate synthesis but it would appear that in fat-cell mitochondria incubated in the presence of pyruvate and bicarbonate the most important source is pyruvate. Patel & Hanson (1970) and Patel, Jomain-Baum & Hanson (1971) have found that when fat-cell mitochondria are incubated with pyruvate, ATP, bicarbonate and [3-14C]malate there is appreciable incorporation of radioactivity into citrate. In fact, this is not inconsistent with our conclusion since these workers also found nearly as much incorporation of radioactivity from [3-14C]pyruvate into malate; thus most of the radioactivity incorporated from malate into citrate appears to be occurring by exchange rather than net flow. It can be calculated from their results that the net flow from malate through oxaloacetate into citrate accounts for about 5% of the total citrate production when 0.25mM-malate was used and about 20% when 5.0mM-malate was used.
The mitochondrial oxidation of malate would thus appear to be restricted in the presence of pyruvate and bicarbonate. This may simply be the result of the production of oxaloacetate from pyruvate through pyruvate carboxylase and the equilibrium position of malate dehydrogenase, which is greatly in favour of malate.
In agreement with our previous conclusion this restriction in the utilization of the malate which enters mitochondria in exchange for citrate would prevent loss of cytoplasmic reducing power. In addition, in adipose tissue incubated in the presence ofpyruvate alone, the restriction together with a low mitochondrial metabolism of citrate could lead to a high proportion of the flux in the two spans of the citrate cycle (citrate to 2-oxoglutarate; malate to oxaloacetate) occurring in the cytoplasm. This would allow cytoplasmic production of NADPH for fatty acid synthesis through the NADP-linked malate and isocitrate dehydrogenases and NADH for lactate and glycerol phosphate formation through NAD-dependent malate dehydrogenase (Martin & Denton, 1970a) .
Effects of adenine nucleotides on pyruvate metabolism by isolated fat-cell mitochondria. The effects of adding ADP or ATP on the metabolism of pyruvate in mitochondria would be expected to be rather complex. On the one hand, addition of ADP may lead to inhibition of pyruvate carboxylase. Walter & Stucki (1970) , from studies on the effect of added ADP to intact rat liver mitochondria and mitochondrial extracts, have concluded that pyruvate carboxylase in liver is inhibited by ADP. This has been confirmed by the extensive kinetic studies ofWimhurst & Manchester (1970) and Seufret, Herlemann, Albrecht & Seubert (1971) , and has also been shown for the enzyme prepared from rat adipose tissue (A. P. Halestrap & R. M. Denton, unpublished work). On the other hand, addition of ATP may lead to inhibition ofpyruvate dehydrogenase. This enzyme in liver, kidney, heart and brain has been shown to exist in two interconvertible forms, an inactive phosphorylated form and an active non-phosphorylated form (Linn, Pettit, Hucho & Reed, 1969) . Recently we have obtained evidence suggesting that the enzyme from adipose tissue has similar properties (Coore et al. 1971 ). In the absence of added ADP, an additional and important factor is that the extent of oxidation by the respiratory chain of NADH produced by pyruvate dehydrogenase and the citrate cycle will be limited by the rate of endogenous production of ADP. In wellcoupled fat-cell mitochondria the only obvious source of ADP is pyruvate carboxylase; presumably excess of NADH formed by pyruvate dehydrogenase may be reconverted into NAD under these conditions only by increased conversion of oxaloacetate into malate.
The effects of adenine nucleotides reported in Table 5 are explicable in the above terms. However, it should be pointed out that in the absence of information on the actual intramitochondrial concentrations of adenine nucleotides, conclusions must remain tentative. The inhibition of pyruvate metabolism in the presence of ADP may be the result primarily of the inhibition of pyruvate carboxylase. This may lead in turn to the observed fall in flux through pyruvate dehydrogenase by allowing accumulation of acetyl-CoA. Acetyl-CoA is an end-product inhibitor of the 1971 112
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heart-muscle enzyme (Garland & Randle, 1964; Wieland, von Jagow-Westermann & Stukowski, 1969) , but this inhibition has not been demonstrated for the adipose tissue enzyme. In contrast, the inhibition of pyruvate metabolism in the presence of ATP is consistent with an increase in the proportion of pyruvate dehydrogenase present in the inactive phosphorylated form. This in turn may lead to a fall in acetyl-CoA concentration and thus to the observed diminished flow through pyruvate carboxylase. Acetyl-CoA activates pyruvate carboxylase from adipose tissue, as found with the enzyme from other sources (Ballard & Hanson, 1967 ; A. P. Halestrap & R. M. Denton, unpublished work). However, on addition of ATP it is to be expected that the NADH/NAD concentration ratio in the mitochondria woulld be increased; this might be an explanation of the high rate of malate production and also in part of the inhibition of pyruvate dehydrogenase.
In adipose tissue, flux through pyruvate carboxylase and pyruvate dehydrogenase must alter in the main in parallel. Opposing effects of both adenine nucleotides and probably also acetyl-CoA on the two enzymes may be important in achieving this end.
